INTRODUCTION
Oxidation of steel involves the reaction of the iron and oxygen atom which come from the metal substrate and oxidizing atmosphere respectively (Auinger et al., 2015) . It occurs inevitably in steel industrial process, especially in the heating furnace, for the products of combustion of fuels abound with oxidizing gases, such as CO 2 , H 2 , and O 2 (Abuluwefa, 2012) . The thickness of the scale which formed during oxidation increases with time and temperature. The oxidation kinetics can be described by Wagner's oxidation theory, generally written as (Abuluwefa et al., 1997b) n gain
Where, W gain /A is the weight gain per unit area (mg/mm 2 ), t is the soaking time (s), K is the temperature dependent rate constant, and n is the exponential rate constant determined by oxidation mechanism.
The scale is mainly composed of FeO when steel is subject to an elevated temperature (Paidassi, 1958) . The weight gain is mainly attributed to the atomic oxygen in Fe x O. Subscript x denotes the ratio of iron and oxygen atom in scale, in the range of 0.84 to 0.95 (Chen and Yeun, 2003) . As the oxidation proceeds, metallic ion transforms from metal substrate to the outside, reacting with oxidizing gases. This will cause metal consumption with the consequence of a fall in profit. So in industrial practice, we are more interested in weight loss rather than weight gain or the thickness of the scale.
A lot of work has been conducted to understand the mechanism of oxidation as well as the kinetics in metals (Talekar et play an important role in metal oxidation. The effect of simple oxidizing atmosphere on oxidation in pure iron or alloyed steel has been intensively studied. However, in real industrial product, steels are subjected to complex oxidizing atmosphere in heating furnace, for the products of combustion of fuels are composed of N 2 , H 2 O, CO 2 , O 2 , NO x , etc. In the view of practical application, more research should be done to strength understanding of oxidation in alloyed steel in complex atmosphere corresponding to those in heating furnace.
The aim of this research is to study the oxidation of microalloyed steel 50CrV4 in the temperature rang of 1123 to 1423 K for 900 to 7200 s. 
Where W loss / A denotes the weight loss per unit area (mg / mm 2 ), the other parameters have the same meanings in Equation (1) . The temperature dependent rate constant K follows an Arrhenius relation given by (Abuluwefa et al., 1997b) 0 exp
Where k 0 is the pre-exponential factor, R is the gas constant (8. 
It can be seen that nln(W loss /A) -lnt is proportional to the reciprocal of absolute temperature T. Making the plot of nln(W loss /A) -lnt as a function of 1/T, the slope which corresponds to Q/R can be obtained. The pre-exponential factor k 0 can be obtained by determining the intercept lnk 0 .
Materials and procedure
The material used in this study was an alloyed steel with chemical composition shown in Table 1 . The samples with dimensions of 15 mm × 10 mm × 10 mm were machined from the continuous casting slab. Prior to the oxidation experiment the samples were carefully cleaned ultrasonically and degreased with ethyl alcohol.
A furnace with the availability of controlling heating condition was employed. Figure 1 shows the schematic diagram of the experimental equipment. The heating temperature was controlled by thermocouples. In order to study the oxidation kinetics in the complex atmosphere which corresponds to the product of combustion of fuels in the industrial soaking furnace, a mixture of gases containing H 2 O-O 2 -CO 2 -N 2 was chosen. The composition of the furnace atmosphere was controlled by adjusting the flow rate of the gases. A dew point sensor made it possible to get humid nitrogen which contains the desired water vapor. In order to get rid of the interference of the oxidation formed during heating process, the samples were not put into the furnace until the temperature reached a desired one. On each temperature, five samples were soaking for 900, 1800, 3600, 5400, 7200 s respectively. When soaking process terminated, the sample was pulled out of the furnace to cool to ambient temperature which was about 5 o C. By stripping off mechanically and etching in HCl (30%vol), the oxidation layer could be removed. Information on weight loss due to oxidation could be obtained by measuring the sample mass before and after the experiments. Dimensional changes owing to oxidation were not taken into consideration when we calculated the data of weight loss per unit area.
RESULTS AND DISCUSSION
The kinetics of oxidation of microalloyed steel 50CrV4 can be studied by analyzing the weight loss per unit surface area as a function of isothermal holding time. In order to maintain a desired atmosphere which corresponds to industrial heating furnace atmosphere, multicomponent gases were pumped into the furnace constantly. Slightly positive pressure in the furnace made it possible to get rid of the interference of O 2 in the surrounding air. The total flow rate of multicomponent gases was 24 L / min. The oxidation of steel is inevitable in steel industrial process, for the oxidizing reaction is apt to occur as long as iron atoms and oxidizing gases remain contact directly or indirectly. Steel stocks are expected to be heated in the heating furnace to a desired temperature to uniform the chemical composition before rolling. The lower flow stress of the steel due to a higher heating temperature makes it possible to reduce the slab's thickness to a desired one. Followed by the rough rolling descaling is conducted by high-pressure descaling system. Owing to the high temperature, long holding time, and the existence oxidizing gases in heating furnace, the oxidation in heating furnace is predominant in the whole steel product process. Scale removal gives rise to metal consumption, leading to a reduction in profit. So, in the real production process, information on weight loss is more important than weight gain due to oxidation.
By measuring the weight of samples before and after the experiment, the weight loss per unit surface area, at different temperature and for different soaking time, was counted. The measured weight per unit surface area as a function of holding time was shown in Figure 2 (line + symbol). It can be seen that the weight loss per unit area increases with holding time and temperature. Oxidation is more sensitive to the heating temperature. At relative low temperature, no obvious oxidation increase was found when temperature rises from 1123 to 1173 K. However, as the temperature is more than 1373 K, oxidation intensified dramatically with heating temperature. As the soaking time went on, the thickness of the scale on the surface of the sample increased. The reactants could not directly keep contact with each other. In order to make the oxidizing reaction proceed, iron atom or oxygen atom has to transport the scale by diffusion. This process makes oxidation rate decrease as scale thickness increases. However, it was found that when soaking time exceeded 5400 s, temperature above 1323 K, oxidation increased greatly. By examining the surface morphology of the scale, we found that the crack of scale may attribute for the greatly increase of oxidation. Due to growth stress and inner gas pressure (Kondo et al., 2012), scale would crack or even peel off (Figure 3) , making the metal substrate exposed to outer gases. This interrupted the former oxidation kinetic. It is believed that the oxidation kinetics of microalloyed steel follow parabolic law except for the very initial stage and long time severely oxidation (Abuluwefa et al., 1996) . In accordance with Equation 2, the exponential rate constant n is equal to 2. The plot of 2ln(W loss /A) -lnt versus 1/T gave good linear relationship for different holding time (Figure 4) . Table  2 . Figure 2 (a) shows the comparison between computed data (line) using the parameters in Table 2 and experimental data (line + symbol). Good agreement was found which proved that oxidation kinetics of 50CrV4 concerning weight loss per unit area in multicomponent gases follow parabolic law as well. The discrepancy was slightly increased when the experiment was conducted at a higher temperature and holding for a longer time.
As a comparison parameters in Equation (3) could also be obtained by universal global optimization method using 1stopt software. The results were shown in Figure 2(b) . Q and k 0 were determined to be -182234 J·mol -1 and 7064 mg 2 ·mm -4 ·s -1 which were larger and higher than those determined by the former method, respectively. To some extent, this method could overcome the drawback of discrepancy between calculated and measured data at higher temperature and for longer soaking time. The different algorithms to determine the parameters in Equation (3) account for the difference. According to parabolic law concerning Equation (2) , extrapolation the soaking time to zero, the oxidation rate will tend to infinity. Obviously, this is unreasonable. There must be some other mechanisms that control the reaction and serve as rate controllers. At the initial stage of oxidation, there is sufficient metal atom for oxidation reaction. At the scale-gas interface, the processes are divided into several steps. Take 
The adsorbent and reaction of oxidizing gases with iron atom on the surface of the steel serve as rate controller. The oxidation kinetics on the initial stage follow linear law which then transform to parabolic within a short time ( Figure 5 ). The critical thickness (Chen and Yuen, 2010 ) of the scale is seldom beyond 0.5 mm (Abuluwefa et al., 1996) . In real industrial practice, the initial stage is negligible and can be disregarded. For the oxidation of microalloyed steel, parabolic law is sufficient to describe the oxidation kinetics.
CONCLUSION
The elevated temperature oxidation kinetics of microalloyed steel 50CrV4 was studied in the temperature rang of 1123 to 1423 K for 900 to 7200 s in multicomponent atmosphere which consisted of 13%H 2 O, 0.8%O 2 , 16.5%CO 2 , and 69.7%N 2 . This multicomponent atmosphere was chosen to simulate the atmosphere in industrial heating furnace when steel stocks are heated. From the perspective of practical application, we are more interested in the information for weight loss due to oxidation rather than weight gain. Oxidation kinetic concerning weight loss per unit area as a function of heating temperature and soaking time, obeyed parabolic law.
The initial stage follows linear law, in industrial practice, the oxidation of 50CrV4 can be described by parabolic law, for the scale is thick enough that diffusion predominant and become rate controlled. A kinetic model of oxidation in microalloyed steel 50CrV4 was developed. 
